The flagellar protein FliG is the major component of the flagellar torque generator, and consists of two separate domains, I and II. Domain I is essential for flagellar assembly, while domain II in the C-terminal region is not essential for flagellar assembly but is dedicated to torque generation. Previously, we found that some fliG mutants were temperature-hypersensitive (hyper-TS) and identified three residues (F236V, D244Y and K273E) on domain II responsible for the temperature-sensitive (TS) phenotype. In this study, we substituted the three residues with all 20 amino acids (X) and analysed the behaviour of the variants at various temperatures. Each group of F236X, D244X and K273X variants gave rise to several hyper-TS mutants. In F236X, only substitution with F and W gave rise to wild-type, while other hydrophobic residues resulted in hyper-TS mutants and hydrophilic residues resulted in non-motile variants. The atomic arrangement around the F236 residue indicated that F236 together with neighbouring residues forms a hydrophobic core in the centre of domain II, which is well conserved among many species. These data suggest that the hydrophobic core may play an essential role in stabilizing the whole structure of domain II, so that changes of physiological conditions in the microenvironment of domain II do not perturb torque generation.
INTRODUCTION
Bacterial flagella rotate by the torque generated at the flagellar motor in the membrane using proton motive force (Aizawa, 2009; . The physical principles of torque generation in the flagellar motor have not yet been determined. The main structural body responsible for the motor function is believed to consist of the C ring as the rotor and the MotA-MotB (MotAB) complex as the stator. The C ring is composed of three proteins, FliG, FliM and FliN, forming a cup-shaped cytoplasmic structure attached to the MS ring complex in the membrane (Francis et al., 1994; Katayama et al., 1996; Khan et al., 1991; Thomas et al., 1999) (Fig. 1a) . Certain point mutations in each gene give rise to paralysed motors, indicating that all three components are necessary for torque generation (Irikura et al., 1993; Sockett et al., 1992; Yamaguchi et al., 1986a, b) . However, several lines of evidence suggest that FliG, which is attached to the MS ring complex, is more directly involved in torque generation than the other two proteins (Lloyd et al., 1996 (Lloyd et al., , 1999 Togashi et al., 1997) . In accordance with this, it has been demonstrated that FliG is necessary for assembly of the PomAB complex (a MotAB complex homologue) in Vibrio alginolyticus (Kojima et al., 2011) .
FliG consists of four structural components: the Nterminal region that binds to the MS ring, domain I in the middle region, domain II in the C-terminal region, and the a-helical linker connecting the two domains (Lee et al., 2010) (Fig. 1b) . To investigate the amino acid residues that are directly involved in torque generation, spontaneous mutants and Trp-replacement mutants have been intensively analysed, which has led to the hypothesis that the charge-bearing ridge of domain II, together with MotA, might serve as the torque generator powered by electrostatic force (Lloyd et al., 1996 (Lloyd et al., , 1999 Zhou et al., 1998a, b) . However, as it stands this model does not hold for several reasons. First, substitution of the charged residues of FliG domain II with non-charged residues does not abolish the rotation function (Fukuoka et al., 2004; Yakushi et al., 2006; Yorimitsu et al., 2002 Yorimitsu et al., , 2003 . Second, no spontaneous Mot2 mutations have been found in the region of the charged residues (Irikura et al., 1993) ; such mutants would be expected to appear more frequently if the mutation sites were essential for function. Third, paralysed mutants previously identified in FliG domain II are in fact temperature sensitive (TS); they are motile at permissive temperatures (Mashimo et al., 2007) . Therefore, it is desirable to re-examine the structure-function relationship of FliG domain II.
We have been working on temperature-hypersensitive (hyper-TS) fliG mutants and so far have identified three specific residues (F236V, D244Y and K273E) that impart a hyper-TS property to the motor (Mashimo et al., 2007) . These residues are located in the C-terminal of FliG domain II and not on the charge-bearing ridge (K264, R281, D288, D289 and R297) (Brown et al., 2002; Lloyd et al., 1999) (Fig.  1b) . In order to clearly envisage the purpose of this study, we would like to emphasize the differences between the hyper-TS mutants and ordinary TS mutants in motility behaviour. Ordinary TS mutants are selected for mutants that swim at the permissive temperature, e.g. 20 u C, but do not swim at the non-permissive temperature, e.g. 37 u C, even though they are flagellated. Once the mutants are grown at 20 u C, they swim at any temperature. However, when grown at 37 u C, they do not swim at any temperature. Flagellar motors of these ordinary TS mutants seem to be assembled in two different conformations depending on temperature. Hyper-TS mutants, on the other hand, are very sensitive to temperature shifts, though they are isolated in the same way as ordinary TS mutants. When grown at 20 u C, hyper-TS mutants swim at 20 uC but stop swimming at 37 uC. When the temperature is lowered again to 20 uC, the mutants quickly resume their motility. Importantly, the rotational speeds of flagella in these hyper-TS mutants do not change in response to temperature shifts: the flagellum rotates at a constant speed but is suddenly stopped by temperature shifts (Mashimo et al., 2007) . The switching of the motor by a temperature shift reminds us of the 'clutch' of the flagellar motor found in Bacillus subtilis (Blair et al., 2008) . However, Salmonella species have not shown such a clutch function under ordinary physiological conditions. In this study, to further dissect the motor function of domain II, we chose four residues (F236, D244, L260 and K273), substituted each of them with all 20 amino acids, and observed the behaviour of the variants. We found that F236 together with the surrounding residues forms a very stable hydrophobic core, which would provide the basis for stable torque generation in the flagellar motor.
METHODS
Strains and growth conditions. All strains, primers and plasmids used in this study were derived from Salmonella enterica serovar Typhimurium (S. typhimurium) LT2 or SJW1103 (Table 1) . Cells were grown in Luria-Bertani (LB) medium (1 % peptone, 0.5 % yeast extract, 1 % NaCl) at various temperatures and harvested at the optimal OD 600 of 1.0 for further use.
Construction of amino acid-substituted FliG. The fliG coding region was replaced by a tetRA element using the l-Red recombinant system (Datsenko & Wanner, 2000) . Briefly, l-Red plasmid pKD46, which has a TS replicon, was introduced into S. typhimurium LT2 or SJW1103 and selected on LB plates containing 100 mg ampicillin ml 21 at 30 uC. The tetRA element was amplified by primers (Table 2) with KOD FX (Toyobo) and purified by a QIAquick Gel Extraction kit (Qiagen). To make electro-competent cells, strains containing pKD46 were grown under inducing conditions in LB media supplemented with ampicillin and 0.2 % arabinose at 30 uC until the OD 600 reached 0.6-0.8. After treatment by electroporation, 1 ml SOC (super optimal broth with catabolite repression) medium was added into the cell-DNA mixture, and the mixture was incubated for 1 h at 30 uC with shaking. Approximately 0.3 ml of cells was plated on LB plates containing 15 mg tetracycline ml 21 and incubated at 30 uC. After confirming that the fliG coding region was replaced by the tetRA element and that the cells retained pKD46, the tetRA element was replaced by mutated fliG fragments in a uniform manner; however, selection was on a tetracycline-sensitivity plate and the culture temperature was 42 uC (Bochner et al., 1980; Maloy & Nunn, 1981) . Mutated fliG fragments were amplified using a four-primer PCR technique (Williams et al., 1996) . The mutated region was subsequently PCR-amplified for DNA sequencing to confirm that the sequence was correct.
Temperature shift experiments. The responses of all motile strains to temperature shifts were examined with a phase-contrast microscope (Olympus CH-2) equipped with a temperature control stage. The slide glasses with two concave holes, each of which held about 80 ml of cell suspension (Toshin-riko), were pre-warmed on the stage at the test temperature before samples were applied. Images were recorded on a computer hard drive through a CCD camera (Panasonic BL200) attached to the microscope. Temperature shift experiments were carried out according to a previous report (Mashimo et al., 2007) . To avoid effects of the glass surface on cell motility, the middle layer of the suspension was focused for observation.
Cells were grown overnight at 20 uC. Before observation, chloramphenicol was added to the medium to a final concentration of 25 mg ml 21 to prevent protein synthesis. After 5 min incubation with chloramphenicol at 20 uC, an aliquot of the cell suspension was transferred onto the slide glass. About 300 cells per experiment were counted to calculate the swimming fraction. We repeated the experiment three times and took the average of the swimming fractions. For the tethered cell method, 10-20 active cells were chosen for measurements (Mashimo et al., 2007) .
Structure homology modelling. The atomic structure of the hydrophobic core of FliG domain II was modelled using the MODELLER program (Eswar et al., 2006; Martí-Renom et al., 2000) , employing the crystal structure of FliG from Thermotoga maritima (PDB ID: 1LKV) as template. The cavity around the F236 residue was calculated using the CASTp program (Dundas et al., 2006) . All structural figures were drawn using PyMol (Delano Scientific).
Circular dichroism (CD) measurements. The vacuum-UV CD (VUVCD) spectra of FliG domain II were measured using a Jasco J-720W spectropolarimeter according to the manufacturer's manual. Temperature was shifted from 15 to 45 uC and back to 15 uC. We cloned fragmentary fliG genes corresponding to the C-terminal region after residue 193 in pET28a (Table 2) , and the fragments were overproduced in Escherichia coli strain BL21(DE3). Protein expression was induced by the addition of IPTG to a final concentration of 0.5 mM at OD 600 0.6. Harvested cells were sonicated in 50 mM Tris/ HCl, pH 8.0, and target proteins were purified using a HisTrap FF column (GE Healthcare). After thrombin treatment at 4 uC for 16 h to cleave His-tag, the proteins were purified on a HiTrap Q HP column (GE Healthcare) by elution with a concentration gradient of 0-1 M NaCl in 50 mM Tris/HCl, pH 8.0. Peak fractions containing target proteins were dialysed against 50 mM sodium phosphate buffer (pH 7) containing 50 mM NaCl and concentrated using an Amicon Ultra 3K centrifugal filter unit (Millipore). The wild-type strain was grown at 37 uC, while the variant D244Y strain was grown at 16 uC to avoid protein aggregation. The solvent was 50 mM potassium phosphate (pH 7.0) containing 50 mM NaCl. The protein concentration was kept at about 20 mM. 
RESULTS

Our strategy
Domain II in the FliG C-terminal region is dispensable for flagellar assembly but is dedicated to torque generation. The current model hypothesizes an electrostatic interaction between the two motor units: the charge-bearing ridge of FliG domain II, which has a conserved sequence of charged amino acid residues (as the rotor), may face the cytoplasmic domain of MotA, which also has a group of charged amino acid residues (as the stator) (Lloyd et al., 1999; Zhou et al., 1998a) (Fig. 1a) . For the reasons mentioned in the Introduction, it is natural to suspect that these charged amino acid residues might not be the sole functional unit in torque generation. If so, we would like to know the other units involved in torque generation to uncover the physical properties of the motor.
In this study, we chose four residues and replaced them with all 20 amino acids to address why particular amino acids were chosen at particular sites in FliG domain II for full function. The four residues chosen were F236, D244, L260 and K273 (Fig. 1b, c) . We previously demonstrated that F236V, D244Y and K273E showed hyper-TS phenotypes (Mashimo et al., 2007) . These residues are hot spots (mutation sites occurring at a high frequency) accumulated by natural selection and thus may represent functionally important residues. L260 was chosen to fill the gap between D244 and K273 and turned out to be a negative control, as will be seen below.
Temperature sensitivity of one amino acid-substituted mutants
We constructed a series of one amino acid substitutions on the chromosome of fliG mutants using a tetRA element in the l-Red recombinant system (Datsenko & Wanner, 2000) , examined the swarming ability of each construct on semisolid agar plates at different temperatures, and then observed motility changes upon temperature shifts with a video microscope. All variants were well flagellated as observed by microscopy (data not shown).
First, we will describe analyses of residue F236 in detail and then the other residues. The reason for focusing on this residue is that F236 gives rise to both Mot2 mutants and hyper-TS mutants more than the other sites examined. To avoid confusion, we will use only one-letter designations for amino acid substitutions instead of strain names and treat the original wild-type SJW1103 strain as one of the variants (e.g. F236F).
F236X. At 20 u C, four variants (F236L, M, Y and W) swarmed as well as wild-type F236F, two variants (F236I and V) gave smaller swarm rings than wild-type, while the others did not swarm (Fig. 2a, left) . At 37 u C, both the wild-type and variant F236W swarmed but the others did not (Fig. 2a, right) . We further compared swarm sizes of seven variants (F236F, I, L, M, V, W and Y) at 25 and 30 u C (Fig. 2b) . Variant F236W formed swarm rings as large as or sometimes larger than that of the wild-type F236F at all temperatures examined (Fig. 2a, b) ; thus, F236W is another wild-type. Variant F236M formed swarm rings as large as F236F at temperatures up to 30 u C but did not swarm at 37 u C. Variant F236L formed swarm rings as large as F236F at 20 and 25 u C, but the swarm rings became smaller at 30 u C and there were none at 37 u C. Variant F236I formed small swarm rings at temperatures up to 30 u C and none at 37 uC. Variant F236Y formed smaller swarm rings at 20 uC but did not swarm at 37 u C. Variant F236V gave rise to a much smaller swarm ring than the others at 20 u C, but did Table 2 . Primers used in this study.
Bold type represents the sites changed from the wild-type.
not swarm at temperatures higher than 25 u C (Fig. 2b) . In summary, out of seven motile variants, five (F236I, L, M, V and Y) were TS mutants (Table 3) . As seen from the critical temperatures for the responses, the stability of function varied according to the hydrophobicity of amino acids substituted; the most stable residues were F and W, followed by Y.M.I5L.V. Hydrophobic amino acids of large size were favoured at this site for full function. The remaining 13 variants (F236A, C, D, E, G, H, K, N, P, Q, R, S and T) were flagellated as confirmed by electron microscopy (data not shown), but did not form swarm rings. These variants were non-motile at all temperatures and were thus Mot2 mutants. The swimming behaviour of the variants at different temperatures was examined by optical microscopy, and was as expected from the results of swarming tests (Table 3) .
Then, we examined the swimming behaviour of the Mot+ variants during temperature shifts. All seven variants swam actively at 20 u C (Table 4) . When transferred to higher temperatures, two wild-type strains, F236F and F236W, were still swimming but the others stopped at different temperatures. Three variants (F236I, L and V) stopped at 37 u C and quickly resumed motility when transferred back to 20 u C. Variant F236M lost motility at 42 u C and resumed motility at 20 u C. Variant F236Y did not swarm (for unknown reasons) but still retained motility at 42 u C; 30 % of the population was still swimming and quickly resumed motility at 20 u C. Cells gradually lost motility at 42 u C (Table 4 ). The rotational speeds of tethered cells of the variant F236Y were the same at 20 and 30 u C (Mashimo et al., 2007) . Thus, F236Y seems to have the most stable structure among hyper-TS mutants and is close to the wild-type. Although there were several other mutation sites in domain II that give rise to ordinary TS mutants (Mashimo et al., 2007) , no ordinary TS mutants were found in F236X variants, as shown above. In short, the point mutation on F236 gives rise to either Mot2 mutants (with paralysed flagella) or hyper-TS mutants (with flagella that are temporally and reversibly paralysed by temperature shifts). It should be noted that during prolonged incubation (more than 30 min) at higher temperatures, hyper-TS mutants irreversibly turned to Mot2, indicating that irreversible conformational changes had occurred. However, after a short period of time (10 min), the change from a functional state to a non-functional state was reversible, suggesting that the change was structurally minor and did not destroy the secondary structure (see below and Discussion).
D244X
. When grown at 20 u C, all variants swarmed on agar plates and swam in liquid, as summarized in Table 5 . At 37 u C, nine variants (D244K, Y, M, R, F, I, V, L and W) were non-motile. At 42 uC, two more variants (D244Q and T) became non-motile, but the others (D244E, S, N, A, C, H, G and P) stayed motile, albeit more weakly than the wild-type D244D. In contrast to F236, site D244 showed a preference for negatively charged residues (D and E) to positively charged residues (K and R) and hydrophilic to hydrophobic residues.
Upon the temperature shifts from 20 to 37 u C and back to 20 u C, eight variants (D244Y, M, R, F, I, V, L and W) showed the hyper-TS phenotype in a manner similar to F236X hyper-TS strains (Table 5) . By a shift from 20 to 42 u C, five more variants (D244G, P, Q, T and K) became hyper-TS; these five variants showed weak motility after a shift to 37 u C and motility completely stopped at 42 uC. Three variants (D244A, C and H) showed weak motility even at 42 u C. Some TS mutants were also tested at 25 and 30 6C (b). X, the amino acid substituted for F236, is denoted on each inoculation spot. 
These cells may lose motility at higher temperatures, although we did not test this possibility.
L260X. All variants except L260R were motile at all temperatures examined (data not shown). Thus, this site is insensitive to temperature shifts and is not directly involved in torque generation. Since we could not figure out why only the L260R variant showed a Mot2 phenotype, we repeated the mutant constructions and experiments with more L260R variants and obtained the same results. The difference between L260R and L260K was measurable despite the fact that the two amino acids are similar in many ways. Since arginine has the longest side chain, we suspect that the charged atoms may interact with critical residues of a neighbouring component, which other amino acid side chains cannot reach.
Upon temperature shifts from 20 to 37 u C or to 42 u C, all but L260R showed active motility like the wild-type and did not show any response to temperature shifts (data not shown), confirming that this site is not directly involved in torque generation or in stabilizing domain II structure. This Table 4 . Responses of F236X fliG variants to temperature shifts, from 20 to 30, 37 and 42 6C
Cells grown overnight at 20 u C were directly observed by microscopy. Chloramphenicol was added to the culture medium 10 min before observation. For the meaning of symbols, see legend to 
Stabilizer unit of flagellar motor site makes a good negative control to justify our strategy (choosing spontaneous mutants), because a neighbouring residue, L259, gave rise to three Mot2 variants (L259P, Q and R) (Irikura et al., 1993; Mashimo et al., 2007) . These data indicate that not all but properly selected sites and residues in FliG domain II show the TS phenotype.
K273X
. When grown at 20 uC, two variants (K273D and E) were non-motile, although the others were as motile as the wild-type (Table 6 ). At 37 u C, two variants (K273W and P) became non-motile. At 42 u C, two more variants (K273V and Y) became non-motile. As with D244X, some of the other variants (K273C, H, G, I, N and S) showed weaker motility than the wild-type K273K at 42 u C. This site favours all but negatively charged residues (D and E) for function. The site may face several backbone carbonyl oxygen atoms in neighbouring proteins. Hydrophobic residues resulted in a hyper-TS phenotype, suggesting that the interaction between this residue and the others is weakened and thus that the hydrophobic core structure is susceptible to thermal movement.
Upon a temperature shift from 20 to 37 u C, three variants (K273V, W and P) showed the hyper-TS phenotype (Table  6) . By a shift from 20 to 42 u C, five more variants (K273G, N, S, F and Y) became hyper-TS. Two variants (K273V and W) showed weak motility after a shift to 37 u C but completely stopped at 42 u C. Three variants (K273G, N and S) showed weak motility even at 42 u C. These weakly motile cells may lose motility at higher temperatures, although we have not tested this possibility.
CD spectra of FliG domain II
We carried out CD spectroscopy of FliG domain II to address the above-mentioned question, i.e. how large are the conformational changes induced in the domain by temperature shifts? In addition to the wild-type as the control, we chose a D244Y strain that was hyper-TS. We cloned fragmentary fliG genes corresponding to the C-terminal region after residue 193, and overproduced and purified the fragments using a nickel-affinity column. Both wild-type and D244Y fragments showed two negative peaks at 208 and 222 nm (Fig. 3) , a typical spectrum for native proteins rich in a-helices. During temperature shifts from 15 to 45 u C and back to 15 u C, there were no significant changes in spectra for the two fragments, indicating that the conformational changes induced by temperature shifts are negligible in the major backbone of FliG domain II, which is mainly composed of a-helices.
Conclusion
We found that one amino acid substitutions of three residues (F236, D244 and K273) affected function in a temperature-dependent manner, and found that L260 was 2  2  2  2  2  2  2  2  2  2  2  2  K273E  2  2  2  2  2  2  2  2  2  2  2  2 a negative control for the method and analysis. In the space-filling model of FliG (Fig. 1c) , the four residues are scattered over the domain and apparently stick out in different directions: residue F236 extends inwards, while D244, K273 and L260 stick out. The behaviour analysis of amino acid substitutions of these residues is summarized in Table 7 .
We conclude that residue F236 is indirectly involved in torque generation, judging from the phenotypes of variants; only when F236F is substituted with other aromatic amino acids (Y and W) do variants show a wild-type phenotype. When substituted with other hydrophobic amino acids, the variants show a hyper-TS phenotype. When substituted with non-hydrophobic amino acids, the variants show a paralysed phenotype (Tables 3 and 4 ). The aromatic residues F234 and F236 may form the hydrophobic core ( Fig. 4 ; see Discussion for details), which would give a firm basis for torque generation. In a molecular model, the core looks like a hole penetrating into the domain (Fig. 5) . Residues D244 and K273 would help stabilize the core structure from underneath. If freely moving water molecules entered the hole, the core stabilizer in FliG domain II would become unstable in response to temperature shifts, as seen in some of the hyper-TS variants.
DISCUSSION Domain II in the FliG C-terminal region is dedicated to torque generation
Which part of FliG is the most important for torque generation? Genetic analyses (Irikura et al., 1993; Sockett et al., 1992) and behaviour analysis (Brown et al., 2002) of fliG mutants show that domain I is necessary for flagellar formation, whereas domain II is mostly involved in torque generation. One mutant (L255W) in domain II gives rise to the Fla2 phenotype (Lloyd et al., 1996) . This site is located on an outwardly extending loop between helices G and H, suggesting that the site has little effect on FliG structure but may interact with other components such as FliM to form the C ring. Another mutation site (A266D) in domain II is documented in Lloyd et al. (1996) as a mutation that gives rise to the Fla2 phenotype. We recently learned that this mutant actually has a second mutation in the fliN gene that gives rise to the Fla2 phenotype (Dr S. Yamaguchi, personal communication) . From all the data now available, Stabilizer unit of flagellar motor we conclude that domain II is not necessary for flagellar formation but is dedicated to torque generation.
Multiple roles of the C ring
In the analysis of FliG function in the C ring, we should always pay attention to the fact that the C ring has multiple roles: first as the torque generator of the flagellar motor together with the MotAB complex; second in switching rotational direction; and third as a part of the secretion apparatus for flagellar proteins. The first and second roles may be inseparable, because FliG is involved in both torque generation and switching rotational direction. The third role inevitably comes first in the process of flagellar formation: without the C ring, the flagellar structure is not formed (Konishi et al., 2009) . Thus, TS mutants that are isolated for motility may have damage to flagellar structure as much as function. However, the point mutation site in FliG has minor effects on flagellar formation itself: structures of mutant flagella are not different from that of the wild-type, although as a minor difference, the average lengths of mutant hooks were a little shorter than that of the wild-type (data not shown). This type of short hook has often been observed in point mutants of the C ring components FliG, FliM and FliN (Makishima et al., 2001) . However, in this paper, we do not discuss this issue but focus on the functional role of FliG in torque generation.
Rationale of our approach
Functionally important residues on FliG domain II have been identified by genetic and molecular biological approaches, including: (i) deduction from conserved sequences among homologous proteins (Lloyd et al., 1996 (Lloyd et al., , 1999 ; (ii) introduction of systematic substitutions or deletions by site-directed mutagenesis (Zhou et al., 1998a, b) ; and (iii) analysis of spontaneous mutations (Irikura et al., 1993) . We examine below the validity of these methods as they have appeared in reports on FliG.
First, the sequence with charged residues was chosen because of high conservation among several chosen species (Lloyd et al., 1996) . Is this valid for our purpose? A conserved region is likely to show factors essential for a function of interest, and mutations in a conserved sequence would give rise to crucial damage to the function. However, no spontaneous Mot2 mutations have been found in the charged residues of FliG (Irikura et al., 1993) , suggesting that the degree of conservation of the sites is not high. This speculation agrees with our observations. Another explanation is that there may be multiple sites for torque generation, so that the other parts will compensate for a single mutation. We will be testing this possibility in the near future.
Second, a systematic Trp replacement has been used to search for functionally important residues of FliG (Lloyd et al., 1996) . This method would be valid to destroy protein function and thus identify a functionally important protein among many candidate proteins. However, the method is not necessarily effective in identifying functionally Molecular structure of the hydrophobic core formed with residues F236 and F238 in T. maritima, which correspond to residues F234 and F236 in Salmonella. This figure was drawn by using LIGPLOT (Wallace et al., 1996) . important residues of a protein, because Trp replacement in non-functional sites may induce a conformational change of the whole protein structure (Lloyd et al., 1996) . In some cases, Trp replacement does not destroy but enhances function, as seen in this study. Results obtained from substitution with one amino acid only are not easy to interpret. Therefore, we substituted the residue of interest with 20 different amino acids.
Third, the one amino acid substitution was introduced on the chromosomal gene but not on plasmids. We tested swimming behaviours of the variant strains on semi-solid agar plates (Fig. 2) and examined flagellation by dark-field microscopy or, if necessary, by electron microscopy (data not shown). All variants were flagellated to the same extent as the wild-type. Thus, we assumed that the expression level of FliG was the same as that of other flagellar proteins.
A hydrophobic core to stabilize the torquegenerating unit in the flagellar motor
We carried out one amino acid substitutions of three residues (F236, D244 and K273) and observed the swimming behaviours of 20 variants. From the relationship between substituted amino acids and their effects on swimming, we concluded that there is a hydrophobic core to stabilize the whole structure of domain II. The names of a-helices were taken from Brown et al. (2002) .
The hydrophobic core. Residue F236 is located on a loop (3-10 helix) connecting helices H and I, and forms the centre of domain II (Fig. 1b) . It should be remembered that this site has a highly conserved sequence (233M-234F-235L-236F-237E), and in particular residues F234 and F236 are conserved in more than 200 strains available in the Swiss-Prot Database. These two residues, F234 and F236, form a stable hydrophobic core together with surrounding residues (Fig. 4) . It is probable that this hydrophobic core plays an important role as the structural (and thus functional) centre of the torque-generating unit of FliG domain II.
Contributions from other residues: D244. Residue D244 is located on a loop leading to helix J and extends outwards (Fig. 1b) . Since none of the substituted amino acids resulted in a Mot2 phenotype, residue D244 is not directly involved in torque generation. Only negatively charged amino acids and their salt forms (D, E, N and Q) gave rise to the wild-type phenotype, while the others gave rise to the hyper-TS phenotype, suggesting that residue D244 may be interacting with other neighbouring proteins to contribute to the stabilization of the hydrophobic core.
K273. Residue K273 is located on helix L and extends outwards (Fig. 1b ). An earlier report indicated that K273 might be directly involved in torque generation (Garza et al., 1995) . However, because this site is not on the charged ridge and points in the opposite direction, and because substitution of this residue with negatively charged amino acids (D, E) only abolishes the motor function, this site may be interacting with components other than MotA.
Negative control: L260. Residue L260 is located in the middle of helix K and extends outwards (Fig. 1b) . Since this residue can be replaced with any amino acid (except L260R) to give rise to the wild-type phenotype, residue L260 is probably exposed to the solution and not involved in torque generation. In the L260R mutant, Arg, which has the longest side chain among amino acids, may be long enough to have unusual interactions with other neighbouring proteins to interrupt motility. Interestingly, a mutation at the neighbouring residue, L259P, gives rise to the Mot2 phenotype at all temperatures (Mashimo et al., 2007) .
Conformation of hyper-TS FliG variants
The temperature dependency of motility is an important and characteristic property of FliG domain II. Although ordinary TS mutations may induce irreversible conformational changes in the whole structure at the non-permissive temperature, the hyper-TS site would not undergo such a drastic change but instead a subtle change in the C-ring structure. A temperature shift from 293.15 to 310.15 K, an increase of only 5.8 % on the absolute temperature scale, might be physically negligible. However, a shift from 20 to 37 u C, a temperature almost twice as high on the Celsius scale, would be physiologically meaningful and important, especially in a chemical reaction such as an enzymic action. It is plausible that enzymes under these conditions do not undergo a complete structural change but that the reaction site or a local domain reversibly becomes active. In a similar way, the hyper-TS domain on FliG would undergo a small change in the local structure upon temperature shift. It should be noted that this kind of quick reversibility of function (and thus structure) would be observed only in motility and not in other systems such as enzymes. We measured CD spectra of purified FliG domain II but did not observe any significant changes in spectra on temperature shift (Fig. 3) . We have interpreted this result as showing that there were no changes in the domain conformation. However, we do not deny the possibility that such a conformational change might occur only in the interaction with MotA, as suggested by the recent observations that the interaction with the FliG C-terminal domains is critical for the proper assembly of PomAB complexes around the rotor in V. alginolyticus (Kojima et al., 2011) .
In conclusion, the flagellar motor is located in FliG domain II and consists of at least two functional units: the torquegenerating unit and the stabilizer unit. The charge-bearing ridge is still the strongest candidate for the former, and the hydrophobic core centred at F236 for the latter. The hydrophobic core formed by the well-conserved sequence 233M-FLF-237E sits in the centre of the domain and stabilizes the whole structure of domain II. Residues D244 and K273 are not involved in torque generation but contribute to stabilizing the core structure, judging from the fact that only these selected sites showed the hyper-TS phenotype.
